Rubredoxin from the hyperthermophile Pyrococcus furiosus is the most thermostable protein characterized to date with an estimated global unfolding rate of 10 ؊6 s ؊1 at 100°C. In marked contrast to these slow global dynamics, hydrogen exchange experiments here demonstrate that conformational opening for solvent access occurs in the Ϸmillisecond time frame or faster at 28°C for all amide positions. Under these conditions all backbone amides with exchange protection factors between 10 4 and 10 6 , for which EX2 exchange kinetics were directly verified, have exchange activation energy values within 2-3 kcal͞mol of that observed for unstructured peptides. The conformational flexibility of this protein is thus sufficient for water and base catalyst access to the exchanging amide with quite limited structural disruption. The common hypothesis that enhanced conformational rigidity in the folded native state underlies the increased thermal stability of hyperthermophile proteins is not supported by these data.
T
he remarkable thermal stability of proteins from so-called hyperthermophiles, microorganisms that grow at temperatures above 90°C, is commonly thought to be the result of enhanced conformational rigidity in the folded native state. Quantitative comparisons between thermodynamic global stability and local conformational dynamics have been complicated by the irreversible denaturation behavior of most hyperthermophile proteins studied. However, indirect support for such a correlation comes from the observation that the unfolding rates of hyperthermophile proteins appear to be substantially slower than those of the homologous mesophile proteins. For example, rubredoxin from the mesophile Clostridium pasteurianum unfolds 10 2 -10 3 faster than the structurally homologous hyperthermophile Pyrococcus furiosus rubredoxin under the same conditions (1) . In a potentially related phenomenon, a number of studies on homologous series of mesophile, thermophile, and hyperthermophile enzymes have found that their maximal catalytic rates are similar at the optimal growth temperature of the organisms from which they are obtained even though these growth temperatures differ by 70°C or more (2) (3) (4) (5) . The most commonly invoked explanation of this surprising constancy in maximal catalytic rates is based on a direct extension of the aforementioned hypothesized coupling of local conformational dynamics and thermodynamic global stability. It is argued that for each member of an homologous enzyme series a certain degree of conformational fluctuations is required for optimal catalysis. The presumably more rigid hyperthermophile enzymes require a much higher temperature to achieve the requisite conformational dynamics. Because increased conformational fluctuations are expected to lead to decreased global stability, thermodynamic stability and maximal catalytic activity are argued to be fundamentally linked (3, 6, 7) . From the practical point of view, this model predicts that increased thermal stabilization and enhanced catalytic activity cannot be simultaneously achieved. Both theoretical (8) and experimental (7, 9) arguments have been offered against the universality of this proposed coupling of rigidity, stability, and catalysis. However, to date no other explanation of the observed constancy of maximal catalytic rates for mesophile and hyperthermophile enzymes has gained comparable acceptance.
Amide hydrogen exchange measurements can provide a useful monitor of both global thermodynamic stability and local conformational kinetics. For conformationally protected amide hydrogens, exchange with solvent occurs according to the general scheme:
Under all conditions the observed exchange rate, k ex , must be slower than the conformational opening rate, k op . ). Slower exchange yields no observable transfer whereas faster exchange broadens the amide resonance beyond detection. Magnetization transfer experiments have been used to monitor protein hydrogen exchange for solvent-exposed positions that exchange in this time regime near neutral pH (14) (15) (16) . However, this technique has Abbreviation: CLEANEX-PM, clean chemical exchange-phase modulated. ‡ To whom reprint requests should be addressed. E-mail: lemaster@lanl.gov.
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Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073͞pnas.040569697. Article and publication date are at www.pnas.org͞cgi͞doi͞10.1073͞pnas.040569697 (21) . Initial rate values were obtained by using eight CLEANEX-PM mixing periods ranging from 5.19 ms to 41.52 ms in even increments. 1 H2O T1 relaxation corrections of 10%, 25%, and 25% at 3°C (2-s delay), 28°C (2-s delay), and 53°C (4-s delay), respectively, were measured (19) . pH values are reported at 25°C. Amide exchange activation energies are corrected for the 3,500-cal͞mol ionization enthalpy for the third pK of sodium phosphate (37) . In the 3°C pH 7.17 CLEANEX-PM spectra, the C-terminal Asp-53 yielded the largest negative cross peak because of incomplete cancellation between the rotating-frame and longitudinal nuclear Overhauser effects. This finding is indicative of significant motion faster than the slow tumbling limit. This cross peak yields an apparent exchange rate of Ϫ0.14 s Ϫ1 with a resultant negligible effect on the estimated kex values. faster. The rubredoxin from P. furiosus is ideally suited for such studies. In addition to a denaturation temperature at neutral pH estimated to be near 200°C, the CD signal of the Zn 2ϩ form of the protein is essentially unchanged from 2°C at pH 6.5 to 94°C at pH 11.6 (17) .
Amide exchange measurements were carried out on the Zn 2ϩ form of 15 N-labeled P. furiosus rubredoxin at pH values from 7.17 to 12.51 (200 mM sodium chloride and 50 mM sodium phosphate) for 3°C, 28°C, and 53°C. The maximal thermodynamic stability of this protein is estimated to occur in the range of 30°C to 60°C (17) . In Fig. 1 H magnetization starts at the amide resonance and remains there during the pulse sequence. In contrast, the CLEANEX-PM (19) spectra (Fig. 1 Left) indicate magnetization that initially resides in the 1 H 2 O resonance and subsequently transfers to the amide resonance during the CLEANEX-PM mixing sequence. The intrinsic chemical exchange rate k ch for a solvent exposed amide differs by 50-to 100-fold between the conditions of the top and middle as well as for the middle and bottom panels of Fig. 1 . As illustrated in Fig. 1 Left, the set of amide hydrogens exhibiting magnetization transfer from 1 H 2 O are largely distinct for the three given pH and temperature conditions. Furthermore, nearly all of the amide positions in the protein exhibit magnetization transfer from 1 H 2 O in one of these three spectra. The bottom pair of spectra demonstrate that all of the slowest exchanging amides in the protein (Fig. 1 Right, fast heteronuclear single quantum correlation spectrum) exhibit magnetization transfer from the 1 H 2 O resonance ( Fig. 1 Left, CLEANEX-PM spectrum). Hence, the remarkable conclusion is that the native hydrogen bonding is disrupted for all amide hydrogens of this protein, and water plus the hydroxide catalyst gain direct access in less than a sec. Both EX 2 kinetics and low activation energies of amide exchange could be explicitly verified for the majority of the protein amides. The proportionality between the observed exchange rate k ex and [OH Ϫ ] is illustrated in Fig. 2 for several of the amides that exhibited observable magnetization transfer across much of the higher pH range studied. As summarized in ). Therefore, for these amides the numerical values of k OH Ϫ listed in Table 1 should approximate the lower limits for k op . As a result, it can be concluded that conformational fluctuations on the magnitude scale of hydrogen bond rupture and access to water and base catalyst occur in the Ϸ millisecond time frame or faster throughout the entire protein.
The main-chain amides of Lys-28, Phe-29, and Trp-36 as well as the two indole H N positions exhibit a marked decrease in the Fig. 2 . pH dependence of amide exchange for residues from P. furiosus rubredoxin at 28°C. Gly-9 (s), Gly-17 (F), Thr-27, (OE), and Glu-47 (}) illustrate residues distributed throughout the protein structure that give observable magnetization transfer cross peaks across a 1.5-2.0 pH unit span in the high pH range. EX 2 behavior is observed up to pH 12.51. Best-fit lines of unit slope indicate proportionality between the exchange rate and [OH Ϫ ]. 12 .02, and 12.51) and temperature (3°C, 28°C, and 53°C) data observed for each amide then were fitted to a slope of log k ex vs. pH set to 1.0 and an activation energy of 17 kcal/mol. The pH and the temperature-dependence analyses were satisfactorily fitted with a 25% standard error in the observed rates. The rates for all other amides (k OH Ϫ Ͼ 5 ϫ 10 5 s Ϫ1 or kOH Ϫ Ͻ 150 s Ϫ1 ) were estimated assuming EX2 kinetics and a 17-kcal/mol activation energy.
slope of the log k ex vs. pH data above pH 11. This behavior suggests transition into the kinetic regime in which the conformational opening rate has become limiting for k ex . In particular, k ex data for both the main-chain H N of Phe-29 and the indole H N of Trp-3 appear to extrapolate to an apparent conformational opening rate of 70 s Ϫ1 at 28°C. These two groups form a tertiary hydrogen bonding interaction with the O 1 of the Glu-14 side chain, which is a characteristic interaction of the thermophile rubredoxin not seen in rubredoxins from mesophilic organisms (20, 21) . These results suggest that disruption of this tertiary hydrogen bond interaction occurs more slowly than that for most, if not all, binary hydrogen bonding interactions in the protein. It should be noted that the increased occurrence of ion pairs in hyperthermophile proteins has been directly implicated in decreased rates of denaturation in this protein (1) as well as others (22) in addition to their more commonly proposed role in global stability (20, (23) (24) (25) (17) . The two noteworthy exceptions are Cys-5 and Cys-38, which have amide exchange processes that appear to reflect larger-scale fluctuations (i.e., global and ''subglobal'') under the conditions of the previous study.
Activation energies of exchange for the backbone amides were determined over the temperature range of 3°C to 53°C. Sufficient data were available for all amides exhibiting protection factors of 10 4 to 10 6 [i.e., k OH Ϫ of 3 ϫ 10 4 to 3 ϫ 10 2 at 28°C given high salt (10) and isotope effect corrections (29) ]. The precision of the activation energy determinations is estimated to be 2-3 kcal͞mol. The activation energies were found to be statistically indistinguishable from 17 kcal͞mol in every case except for Leu-51. In Fig. 3A the exchange data of this residue is plotted for 3°C (F), 28°C (OE), and 53°C (f) in which the low and high temperature data have been scaled to that for 28°C assuming a 17-kcal͞mol activation energy. For comparison, the corresponding temperature-dependence data for Glu-47 is presented in Fig.  3B . Optimal scaling of the Leu-51 exchange data occurs with an apparent activation energy of 13.5 kcal͞mol. The amide of Leu-51 is hydrogen-bonded to the main-chain carbonyl of Lys-2 (21) with no obvious structural justification for its reduced apparent activation energy.
In the high pH range considered herein, only hydrogen bonded amides gave sufficient exchange data for the activation energy analysis. These data indicate a maximum enthalpy contribution of 2-3 kcal͞mol to the activated exchange state provided by the protein structural changes, which represents only 3-5% of the activation enthalpy commonly observed for protein unfolding (30) . Although the hydrogen bond of the exchanging amide surely must be disrupted, setting a limit on the scale of other structural disruptions is less definitive. Estimation of the enthalpy of disruption of a protein hydrogen bond vary from Ϸ10 kcal͞mol for unhydrated amides (31) to Ϸ1 kcal͞mol when the amide is hydrated (32) . Given the involvement of other enthalpic contributions as well, the very low and uniform activation energies observed herein appear consistent with having only the hydrogen bond of the exchanging amide disrupted in the activated state of exchange.
Amide exchange by local fluctuations has been proposed to be an effective monitor of the thermodynamic microstability of proteins (33) . The distribution of amide protection factors for P. furiosus rubredoxin are typical of those observed for a large number of mesophile proteins. For protection factors up to at least 10 6 , activation energies for exchange near the feasible lower limit are observed throughout this protein under conditions of global thermodynamic stability. The conformational flexibility is sufficient for exchange to occur with minimal enthalpic perturbations beyond disruption of the exchanging hydrogen bond. Hence by these criteria the microstability of this highly thermostable protein is indistinguishable from that of typical mesophile proteins. When combined with Ϸ10 3 s
Ϫ1
local fluctuation opening rates at 28°C contrasted to a global unfolding rate of 10 Ϫ6 s Ϫ1 at 100°C for this protein (1), the present data suggest that conformational fluctuations required for amide exchange monitored herein vs. those required for global unfolding must be very weakly coupled.
As noted, amide protection factors take the form of equilibrium constants, and they have commonly been interpreted in terms of conformational equilibria. On the other hand, on occasion amide protection factors also have been invoked as measures of conformational dynamics. In particular, IR monitoring of hydrogen-deuterium exchange for homologous mesophile and thermophile enzymes has shown increased amide protection factors for the thermophile enzymes when measured under similar conditions (6, 34) . Although no direct information on the conformational opening or closing rates is provided by the amide protection factors, those authors have interpreted the increased amide protection factors of the thermophile enzymes as indicative of decreased conformational flexibility, which in turn was used to explain the decreased enzymatic activity of the thermophile enzymes under these conditions. If as assumed in these earlier studies, amide exchange is monitoring conformational motions that in some sense overlap with the conformational motions involved in enzyme catalysis, then the conformational dynamics of amide exchange that occur in the time frame of maximal turnover rates should be suppressed in the thermophile enzymes. The present study demonstrates that, on the contrary, moderate scale conformational dynamics in the millisecond time frame and faster are ubiquitous throughout the structure of the most thermostable protein characterized to date. This time frame corresponds to the maximal turnover rates for a great proportion of enzymes. Hence, these amide exchange measurements do not provide evidence for a systematic rigidification of local fluctuations on a molecule-wide scale, which might explain the constancy of maximal catalytic rates at physiological temperatures observed in various comparisons of homologous mesophile and thermophile enzymes.
These results do not imply that modulation of conformational fluctuations in the active site region is irrelevant to catalysis. A large number of mesophile enzymes have been proposed to have greater conformational flexibility in the active site as compared with the remainder of the protein. Mutagenesis studies of phage T4 lysozyme have directly demonstrated that active site residues are not optimized for stability (35) . Furthermore, evolutionary changes localized to the active site region of marine lactate dehydrogenases appear to provide kinetic adaptation to at least modest physiological temperature differences (36) . To mutually satisfy requirements for both catalytic activity and structural stability imposed by their higher physiological temperature, hyperthermophile enzymes may partition conformational fluctuations between the active site region and the rest of the protein differently from what occurs in mesophile enzymes. Mutations that modulate conformational flexibility in the active site region of hyperthermophile enzymes potentially might enhance catalytic reactivity with comparatively modest effects on global stability.
